Affleck-Dine baryogenesis in models where the gravitino is both the lightest supersymmetric particle and the dark matter candidate is investigated. For a high enough reheating temperature to produce sufficient gravitinos by thermal processes, the observed baryon asymmetry can be explained by Affleck-Dine baryogenesis as well as thermal leptogenesis. On the other hand, if the reheating temperature is not high enough, most of the gravitinos must be produced by the decay of the next-to-lightest supersymmetric particle (NSP). Particularly, in the case where Q-balls cannot survive the evaporation, the gravitino number density is given by the NSP's thermal relic density.
I. INTRODUCTION
The origin of dark matter and baryon asymmetry in the Universe is one of prime questions in cosmology as well as in particle physics. The most promising candidate for dark matter is the lightest supersymmetric particle (LSP) owing to the conservation of R parity. In particular, the lightest neutralino in the minimal supersymmetric standard model (MSSM) has been intensively studied. However, there is another possibility, namely, the LSP is the gravitino [1] . If the reheating temperature after inflation, T R , is as high as 10 10 GeV, thermal processes can produce sufficient gravitinos to be the dark matter for the typical gravitino mass m 3/2 ≃ 100 GeV in supergravity models [2] , though the next-to-lightest supersymmetric particle (NSP) decay could contribute to the gravitino LSP production as well [3] . Moreover, this is one of solutions to the gravitino problem [4] in supersymmetric models 1 .
The Affleck-Dine (AD) mechanism is a promising source of baryogenesis in supersymmetric models [8] , where a condensation of a flat direction which consists of scalar quarks and/or leptons can generate the baryon asymmetry. In addition, such an Affleck-Dine condensate is typically unstable with respect to spatial perturbations and would form nontopological solitons, Q-balls [9, 10] . When Q-balls decay at a late time in a model with gravity mediation of supersymmetry (SUSY) breaking, supersymmetric particles are also produced. This SUSY particle production by Q-ball decay often causes the overproduction of neutralino LSPs unless they annihilate [10, 11] . As a result, available AD fields and the nature of neutralino LSP are considerably restricted. It is necessary indeed to consider the annihilation of neutralinos [12] or an extension of the MSSM [13] .
However, note that this conclusion is obtained under the assumption of a neutralino LSP. Then, it would be natural to consider the gravitino LSP instead of the neutralino to moderate the constraints on AD baryogenesis. In this paper, we investigate whether AD baryogenesis is compatible with gravitino LSP dark matter.
II. BARYON ASYMMETRY
The potential of the AD field is, in general, lifted by soft SUSY breaking terms and nonrenormalizable terms [14, 15] . The nonrenormalizable superpotential is expressed as
where λ is the Yukawa coupling and M is some large scale acting as a cut-off. The total potential of the AD field, including relevant thermal effects, is given by
Here, m φ is the soft SUSY breaking scalar mass with radiative correction K ln |φ| 2 , where a flat direction dependent constant, K, takes values from −0.01 to −0.1 [16] . Λ denotes the renormalization scale. −c 1 H 2 represents the negative mass squared induced by the SUSY breaking effect which comes from the energy density of the inflaton, with an order unity coefficient c 1 [15] . The thermal mass h 2 i T 2 can appear when the expectation value of the AD field is relatively small as h i |φ| < T , where h i is a coupling of the AD field to other particles [17] . The thermal effect comes from the running of gauge coupling at two loop level, and it generates a logarithmic potential, where |α| would be O(10 −2 ) [18] . Terms in the second line in Eq. (2) contain the A-terms from low energy SUSY breaking and those induced by the inflaton respectively.
The baryon number density for the AD field φ is given by
where q is the baryonic charge for the AD field. By using the equation of motion of the AD field, Eq. (3) can be rewritten as
with a(t) being the scale factor. When the AD field starts to oscillate around the origin, the angular momentum, which corresponds to the baryon number density through Eq. (3), is induced by the relative phase between A and c 2 . The generated baryon number density is
where t os is the time of the start of the oscillation and sin δ is the effective CP phase. Giving s = 4π 2 g * T 3 /90, we can read the baryon to entropy ratio as
after the reheating time. Here, M P ≃ 2.4 × 10 18 GeV is the reduced Planck mass. As one can see, the resultant baryon asymmetry depends on the amplitude of the AD field, φ os , as well as the Hubble parameter, H os , at t = t os .
In order to evaluate n b /s, we consider the dynamics of the AD field. For the moment, we assume that α is positive. The minimum of the potential during the inflaton dominated stage is given as
and the AD field traces the instantaneous minimum after inflation until it becomes unstable.
The AD field begins to oscillate when the effective mass becomes comparable to the Hubble parameter,
where the effective mass consists of three contributions: the soft mass, the thermal mass, and the two loop effect. Since the temperature of the plasma after inflation behaves as
until the reheating is completed, with 3M
for the case that the oscillation is induced by the soft SUSY mass, the thermal mass, and the two loop effect, respectively.
In the case of n = 4, the promising AD field is the LH u direction, which has been studied in detail and shown that the sufficient baryon asymmetry can be produced for a wide range of the reheating temperature, including T R ∼ 10 10 GeV [19] . Thus, AD baryogenesis via the LH u direction is compatible with gravitino dark matter. (The issue of NSPs decay will be discussed at the end of this section.)
From now on, we concentrate on the case of n = 6. Then, Eq. (10) is rewritten as
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Thus, a thermal mass can be induced for the case with a small coupling h i , a low cut off M, or a high reheating temperature,
while the two loop effect can be easily important for a high reheating temperature
GeV.
In these last two cases, the AD field undergoes early oscillation.
Using Eqs. (7) and (11), the baryon asymmetry Eq. (6) is estimated as
for the case of H os ≃ m φ ,
for the case that the oscillation is driven by the thermal mass,
for the case that the oscillation is driven by the two loop effect. For the cases that the AD field undergoes early oscillation due to thermal effects, we normalized the reheating temperature as T R ≃ 10 10 GeV to produce gravitinos appropriately and, then, found that the cut-off scale must be suppressed as M < ∼ 10 −2 M P in order to satisfy the conditions Eqs. (12) and (13) properly. On the other hand, in Eq. (14), obviously the reheating temperature is not high enough to produce gravitinos by thermal processes. Hence, if this is the case in the model with gravitino LSP, most of the gravitino dark matter must be produced by NSPs decay.
Next, consider the dynamics of the AD field after the oscillation for the case that the AD field undergoes early oscillation due to thermal effects. While the AD field oscillates due to the two loop thermal effect, its amplitude decreases [19, 20] |φ| ≃ |φ os | a os a(t) for matter (inflaton) dominated.
Using |φ os | ≃ (H os M 3 /λ) 1/4 , we find
If h i |φ|/T | tos < 1 the AD field starts to oscillate due to the thermal mass, whereas if h i |φ|/T | tos > 1 the AD field starts to oscillate due to the two loop effect. In the latter case, the thermal mass term appears soon after the AD field starts to oscillate by the two loop thermal effect, because h i |φ|/T decreases after the AD field began to oscillate. After the Hubble parameter becomes
the thermal mass is induced and the AD field oscillates due to the thermal mass.
Hence, for both cases, since the AD field oscillates around the origin due to the thermal mass term, the AD field could evaporate before Q-balls are formed. The evaporation of an AD field has been studied by many authors, for example, [17, 18, 21, 22] . In fact, for instance, adopting the scattering rate Γ ∼ h 4 T , we find
H rh is given as H rh ≃ 10 2 GeV and, then, the AD field oscillates due to the thermal mass 10 8 GeV(h i /10 −2 )(T R /10 10 GeV), which is much larger than the soft mass. Thus, the AD field would evaporate before the spatial instability which leads to Q-balls is induced by the soft mass, in the case that the AD field oscillates due to thermal effects. However, for a very small coupling h i , the evaporation of AD field would be delayed and Q-balls might be formed. Even if Q-balls are formed, as we will see, they would evaporate soon because the charge is small due to the small value of M.
Therefore, the only requirement for the cases where the AD field undergoes early oscillations is that the thermal relic abundance of the NSPs should not be in conflict with constraints from their late decay, just as in thermal leptogenesis [23] . Thus, these scenarios can be consistent because a part of the parameter space in a model with a gravitino LSP remains consistent [24, 25, 26] .
On the other hand, in the case of H os ≃ m φ , as is well known, a relatively low reheating temperature is required to explain the appropriate baryon asymmetry. In this case, Q-balls are formed for most of the flat directions. In addition, most of the gravitinos must be generated non-thermally via NSP decay, because the thermal production of gravitinos is not enough to explain dark matter for such a low reheating temperature. In the next section, we will discuss the issue of Q-balls and NSPs.
III. Q-BALL DECAY AND NSP ABUNDANCE
Here, we briefly summarize important properties of Q-balls. The radius of a Q-ball, R, is estimated as R 2 ≃ 2/(|K|m 2 φ ) [10] . The charge is roughly estimated as
where the suffix i represents the time when the spatial imhomogeneity becomes nonlinear.
According to numerical calculations, the Q-ball charge is expressed as
where ǫ c ≃ 10 −2 ,β = 6 × 10 −3 and ǫ ≡ n b /n φ | tos ≃ (2q|A|/λ)(m 3/2 /m φ ) sin δ [27] . Hence, the Q-ball charge can be evaluated as
A part of the charge of a Q-ball can be evaporated by the interaction with particles in the thermal bath. The evaporated charge is estimated as ∆Q = O(10 18 ) [28] . Thus, if the charge of a Q-ball is larger than O(10 18 ), Q-balls can survive the evaporation. For a Q-ball charge of M ≃ M P in Eq. (24), the decay temperature of Q-ball is T d ≃ 1 GeV [29] , which is lower than the typical freeze out temperature of WIMPs, T f . NSPs are then generated by the Q-ball decay.
The NSP abundance after Q-balls decay (until NSP decay) is given as
by solving the relevant Boltzmann equation [12] ,
where the NSP would be the lightest neutralino or stau. In the case that the annihilation is inefficient after NSPs are produced by Q-ball decay, the final abundance is given as
because at least three supersymmetric particles per one baryonic charge are produced. Here, f B is a ratio of baryon number in Q-balls to the total baryon number. Recalling ρ c /s ≃ 1.7 × 10 −9 (h/0.7) 2 GeV, or equivalently,
Eq. (27) leads to the well known result that the mass of the dark matter particle must be about 1 GeV for n = 6 Affleck-Dine baryogenesis. Thus, the possibility that the Affleck-Dine baryogenesis accounts for both the dark matter and the baryon asymmetry due to Q-ball decay was given up for the neutralino in the MSSM [10] . For the gravitino, although the possibility of m 3/2 ≃ 1 GeV is not excluded experimentally, it looks somewhat unnatural and unlikely in the gravity mediated SUSY breaking.
In the case that the annihilation occurs after the NSPs are produced, the final abundance of NSPs for T ≪ T d is given as
In this scenario, all of the dark matter gravitinos must be produced from NSPs when they decay. By imposing the constraint on Y N from ρ N SP ≃ ρ LSP = ρ DM , we obtain
that is, a large annihilation cross section σv ≃ 10
GeV. Here, m DM is the mass of the dark matter particle. In order to realize such a large annihilation cross section, neutralino NSP should not be Bino-like but Higgsino-like [2] .
Similarly, in the stau NSP case, the stau can have such large annihilation cross section [30] . In addition, the late decay of NSPs must not disturb the Big Bang Nucleosynthesis (BBN) and Cosmic Microwave Background radiation (CMB). Though this is a very severe constraint, a small region in the parameter space still looks to be consistent, according to recent studies [3, 25] . However, one should notice that these results are not simply applicable to this scenario because the relic abundance of the NSP is thermally determined there. A detailed study on this issue, for this particular case, is necessary.
IV. THE CASE OF TWO LOOP INDUCED POTENTIAL WITH A NEGATIVE COEFFICIENT
Finally, we consider the case that α in the two loop effect in Eq. (2) is negative 2 .
After inflation the AD field traces the instantaneous minimum, Eq. (7), as in previous cases.
However, after a while, if Eq. (13) is satisfied 3 , the two loop effect exceeds the mass of order of H. After that, the instantaneous minimum is given by
While the AD field is trapped by the two loop effect, h i |φ|/T increases and is always larger than unity. Hence, the thermal mass never appears in this case (See, section II). When (−α)T 4 /|φ| 2 becomes comparable to m 2 φ , the AD field starts to oscillate. The temperature of the plasma and the Hubble parameter at that time are given as
from Eqs. (9) and (31). Thus, the resultant baryon asymmetry is estimated as
≃ 10 −10 q|A| sin δ 2
for n = 6. Here, one may notice that this result is very sensitive to the variation of parameters such as m φ and T R . We found that the cut-off of the nonrenormalizable term has to be reduced to M < 10 15 GeV, which can be rewritten as T R < 10 6 GeV also, to satisfy Eq. (13) while keeping n b /s ≃ 10 −10 . Formed Q-balls cannot survive the evaporation because of the small charge by the reduced M. Hence, Q-ball formation does not affect the viability of AD baryogenesis if the baryon asymmetry is produced appropriately. On the other hand, in this case also, most of gravitinos must be produced by the NSP decay. Here, notice that the NSP density is determined by the thermal relic density unlike that in the previous case where NSPs are produced non-thermally by Q-ball decay. Therefore, the gravitino dark matter in this case is nothing but the "SuperWIMP scenario" proposed by Feng et al [3] .
In other words, Affleck-Dine baryogenesis with a low reheating temperature and evaporated Q-balls, in this case, is compatible with the SuperWIMP scenario. The constraints derived in previous works [3, 24, 25] are directly applicable to this case. It is found that this scenario is not viable at least within the Constraint MSSM, according to the latest work [26] .
V. SUMMARY
We have studied Affleck-Dine baryogenesis in a model with gravitino LSP. The estimation of baryon asymmetry depends on whether the AD field undergoes early oscillation by thermal effects for a high reheating temperature.
A high reheating temperature is acceptable and preferable if we assume that gravitinos are the LSP. We have shown that the appropriate baryon asymmetry can be obtained, because the baryon asymmetry is reduced with the help of early oscillation. Hence, we point out that not only thermal leptogenesis [23] but also Affleck-Dine baryogenesis is viable and compatible with the gravitino dark matter.
In the cases that the AD field begins to oscillate by the soft mass, namely the reheating temperature is relatively low, while the baryon asymmetry can be explained, most of the Needless to say, that detailed studies on BBN and CMB constraints for each specific model are one of the most important future projects.
